Abstract -The temporal variability of wind stress acting on the ocean surface may have a significant impact on the energy transfer between the surface ocean and the abyssal ocean. In particular, the surface ocean layer is expected to deepen when the wind's frequency matches the inertial (Coriolis) frequency, through "Ekman layer resonance". Here, we report on laboratory experiments conducted in the large circular rotating tank of the LEGI Coriolis platform (13 m in diameter and 0.5 m in depth) to investigate the effect of oscillating horizontal shear imposed at the water surface. The analysis of the flow structure by means of particle image velocimetry (PIV) reveals a resonant thickening of the top Ekman layer and a marked increase in the kinetic energy of the flow occurs when the forcing frequency coincides with the Coriolis frequency of the rotating tank. The findings are in agreement with the theoretical expectations and constitute evidence for the existence of the Ekman layer resonance (or near inertial resonance) phenomenon in an ocean-like configuration.
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Introduction. -One of the main open problems related to the energetics of global ocean circulation is the nature of the key processes that transport matter, momentum and energy between the well-mixed top ocean layer and the bulk. According to the classical theory of Ekman from 1905 [1] -that is rightfully considered one of the most fundamental models demonstrating the effect of Earth's rotation on ocean currents -constant wind stress at the water surface results in a nontrivial surface current and accounts for a significant part of coastal upwelling ("Ekman transport" and "Ekman pumping"). In Ekman's original solution the direction of the wind-induced horizontal current exhibits a spiral rotation as a function of depth, while its magnitude decreases exponentially with depth [2] ; at the ocean surface (at the Northern hemisphere), the current direction is roughly 45
• (the exact value corresponds to the laminar case, rarely encountered in the real ocean) to the right of the wind and the current vector rotates clockwise with depth. Due to the sharp (exponential) decay of the current amplitude with depth, the boundary (Ekman) layer is confined only to the uppermost ∼ 100 m of the water column as long as only stationary wind stress is considered.
However, winds exhibit high temporal and spatial variability and can lead to generation of mesoscale eddies, internal waves and instabilities [3] [4] [5] ; some of the energy associated with these processes can penetrate to the deep ocean. When the frequency of the wind during a certain activity (e.g., during a storm [6, 7] ) matches the inertial (or Coriolis-) frequency f = 2Ω 0 sin ϕ, where ϕ is the latitude and Ω 0 is the angular velocity of Earth, the "near-inertial" energy can be pumped down to the abyssal ocean. The p-1 so-called "chimney effect" was linked to such energy transport where the downward energy propagation to the deep ocean is within anticyclones [3, [8] [9] [10] . When the wind's frequency matches f a resonance of the wind with the induced currents can occur [7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In such occasions, the thickness of the mixed layer and the viscosity coefficient can increase drastically [11, 23, 24] . Analogous thickening of the Ekman layer has already been studied in earlier research related to the bottom boundary layer of the ocean as well, produced by oscillatory tides [25] [26] [27] , where an analogous argument was reported about 'exploding' bottom Ekman layers.
The phenomenon appears to be especially pronounced around the latitudes of ϕ = ±30
• where f can resonate with the rather typical diurnal wind frequency Ω (i.e. Ω = 2π/1day) as confirmed by field data from the Gulf of Elat (ϕ ≈ 29.5
• ) in the Northern Red Sea [23] and by simulations carried out in a coupled general circulation model [24] .
In the present work we report on experiments carried out in a large rotating tank of water on which the effect of oscillatory wind-like stress is analyzed systematically. We find that a resonant amplification indeed occurs around the forcing frequency Ω = f , both in terms of the magnitude and the penetration depth of wind-induced currents.
Experimental set-up and methods. -The experiments were conducted at the LEGI CORIOLIS rotating platform in a cylindrical rotating tank with a diameter of d = 13 m. The platform was rotating about its axis of symmetry at a constant angular velocity of Ω 0 = 0.2094 rad/s (2 revolutions per minute), yielding f = 2Ω 0 = 0.4188 rad/s for the Coriolis parameter. The tank was filled up with water (kinematic viscosity ν 10 −2 cm 2 /s) to a depth of D = 50 cm. The experimental configuration is sketched in Fig.1a . This shallow water geometry was chosen to minimize vertical boundary layer effects originating from the sidewalls, yet D had to be set large enough to minimize flow due to water displacement and the interaction of the top and bottom boundary layers.
Periodic forcing due to wind above the ocean surface was modeled by an oscillating rectangular plate, which prescibes the momentum rather than the momentum flux. The horizontal plexiglas plate of dimensions 3 m × 4 m was moving through the center of the tank along two side rails that were connected to the rotating tank (Fig.1b,c) . The plate was submerged into the water from above by ∼ 0.5 cm, and was oscillating horizontally in a sinusoidal manner as x plate = A sin(Ωt), yielding a velocity forcing U plate = dx plate /dt = U 0 cos(Ωt). The relevant parameter for our analysis is the velocity amplitude, thus it was U 0 and not A that we set constant for a given series of experiments with different Ω's. (If Ω is time-independent U 0 = AΩ holds, whereas in some of our experiments, where Ω(t) is changing linearly in time care must be taken to keep U 0 approximately constant, yielding a decaying A(t).) The typical plate velocity was U 0 = 5 cm/s, chosen such that a clear measurement signal could be recorded and that the motion of the plate could be maintained sinusoidal. This velocity yields a bulk Reynolds number (inverse Ekman number) Re = U 2 0 /(Ω 0 ν) ≈ 13, 000. The corresponding steady [30] and librating [29] Ekman flows are already turbulent in this regime, as should be the flow in the experiment.
The flow was visualized using 2D Particle Image Velocimetry (PIV) technique [31] . The water in the tank was seeded with neutrally buoyant polymer tracer particles of average diameter 300µm and was illuminated by a vertical laser sheet produced by a continuous 6 W Argon laser and projected along the same diameter on which the center of the plate was moving (Fig. 1b,c) . The flow field was acquired by a CCD camera mounted into a subp-2 surface observation porthole at the sidewall of the tank, pointing perpendicularly at the laser sheet. The camera's field of view was 15 cm ×15 cm in the x-z plane (the top 3 cm of which is actually occupied by the oscillating plate itself), and had a resolution of 1024 × 1024 pixels (B&W, 12 bits). The velocity fields were obtained by the PIV software uvmat (http://servforge.legi.grenobleinp.fr/projects/soft-uvmat). The precision is about 3% of the maximum velocity, with a spatial resolution of 10 pixels, or 1.5 mm.
Elements of boundary layer theory. -Small oscillations of a large (infinite) horizontal wall (lid) induce a near-lid laminar flow. This flow is considered in the following and serves as a reference for the measured data. The governing equations are the simplified Navier-Stokes equations that includes rotation (f -plane equations) [2] . For an oscillating horizontal wall velocity U 0 cos(Ωt) the asymptotic leading-order solution reads [29] 
where t is the time, z ≤ 0 is the vertical coordinate, σ = sgn (f − Ω) is a sign with f > 0 and Ω > 0 (absolute values), U is the horizontal velocity component parallel to the forcing and V the other one perpendicular to the forcing. The vertical velocity W and, hence, the Ekman pumping, vanishes because the prescribed velocity is irrotational. Similarity parameters of the solution are the boundary layer thicknesses
which depend on the frequency ratio Ω/f . The thickness δ − exhibits a resonance at Ω = f and yields a singular flow there [23, 24, 27] .
Equations (1) and (2) are valid for Ω ∼ f in a thin layer close to the lod (horizontal wall) where Coriolis and viscous forces dominate over nonlinear inertial and unbalanced pressure-gradient forces. The laminar boundary layer is important for coupling the fluid system to an external energy source [28] . This source is the oscillating plate in the present experiment or, by analogy, the wind over the ocean.
Results. -An exemplary PIV snapshot of the velocity field in the vertical plane is shown in Fig. 1d . The range of view is centered to the midpoint of the tank in the horizontal direction and the image was obtained 800 s after turning on the oscillatory plate forcing with forcing frequency Ω = f and velocity amplitude U 0 = 5 cm/s. The coloring is based on the magnitude of the velocity vectors and z = 0 coincides with the vertical position of the bottom of the plate. The vector field exhibits an apparent z-dependence. In this particular phase of the excitation, close to the turning point of the oscillating plate motion, the flow also has a significant vertical component W (x, z, t). The horizontal components U (x, z, t) are coaligned with the direction of the plate motion (pointing to the right at this time instant t) in the top domain, which is compensated by a leftward counterflow below z ≈ −7 cm. Both along-plate current components U (x, z, t) and the vertical current components W (x, z, t) are roughly uniform within the field of view, although certain localized fluctuations associated with small eddies (∼ 1 cm in diameter) are present.
For further analysis the velocities were averaged over the horizontal direction for each time t, yielding vertical profiles
x /2. The latter notation refers to 'kinetic energy' but the value is not multiplied by the density and neither does it incorporate the out-of-plane velocity component. The depth-average (within the field of view) of these profiles is also analyzed and shall be referred to as u (t), w (t), and KE (t), respectively.
Vertical profiles of the time-averaged vertical KE values (marked as KE(z)) are shown in Fig. 2a as obtained from three experiments with different forcing frequencies Ω (U 0 = 5 cm/s in all three cases). Apparently, the largest penetration depth and total kinetic energy are present in the Ω = f resonant case (red curve) as compared to the sub-resonant (green) and the super-resonant (blue) forcing frequencies. The corresponding theoretical profiles calculated are shown with black dashed curves. The form of the analytical solution (1, 2) suggests the presence of an effective exponential layer, which may be parameterized with the semi-empirical formula
where δ is referred to as the empirical thickness of the Ekman layer, K 1 is related to the kinetic energy of the lid oscillation, and K 2 is a measure of the kinetic energy in the bulk due to Ekman pumping, inertial wave modes, or turbulence. Note that the analytical expression yields
0 /4 and K 2 = 0. It is beneficial at this point to introduce the natural units of the problem. Hereafter we shall use velocity amplitude U 0 as the velocity scale and the theoretical value of the far-from-resonance laminar Ekman layer thickness δ L ≡ 2ν/f = 0.22 cm (cf. equation (3)) as the characteristic depth scale. The aforementioned 'kinetic energy' quantities shall thus be expressed in units of 0.5U 2 0 . The rescaled quantites are also displayed on the secondary axes of Fig. 2a .
The temporal development of the depth-average KE (t) in the first 800 s of these three experimental runs Besides the fact that these time series exhibit markedly smaller average magnitudes than the resonant case another significant difference can be observed in their transients. For the Ω = f case it takes ∼ 700 s to reach a plateau following a roughly linear increase of the smoothed KE (t), whereas both control runs converge to a quasistationary state relatively fast, in about 100 s.
The slow increase of the depth-integrated KE at resonance is associated with the thickening of the top Ekman layer, as visualized in the depth-time diagram of Fig. 2c . This depth-time plot was obtained from the KE(t, z) data with the same 362-point smoothing window that has previously been applied for the depth-integrated analysis of Fig. 2b. The results of the individual experiments (at velocity amplitude U 0 = 5 cm/s in each run) are summarized in the form of resonance curves in Fig. 3 . The red curve in panel a) shows the time-and depth-averaged nondimensional kinetic energies KE /(0.5U 2 0 ) as a function of relative forcing frequency Ω/f . These data points were obtained by taking the temporal mean of each smoothed KE (t) time series (e.g., the ones presented in Fig. 2b ), omitting their initial transients. The error bars represent the standard deviations of these smoothed and shortened signals. The blue (green) data points indicate the contribution of the horizontal (vertical) velocity component u 2 /U 2 0 (or w 2 /U 2 0 ) to the mean KE. In concert with the expectations a pronounced resonance peak appears at Ω/f = 1 in the total KE as well as in the horizontal velocity magnitude. The corresponding solution for the horizontal component u 2 from the analytic approximations is also given in the form of a black curve to Fig. 3a (note that, as mentioned earlier, the contribution of the vertical velocity vanishes in the analytic approximation). (4) it is visible that the deeper we measure the less we can detect the resonant amplification around Ω/f = 1, and the effect practically vanishes at z = −6 cm (blue triangles). For comparison, the results of the analytic approximation for the same levels are shown with black curves. This conclusion is also supported by the fitted values of characteristic depth δ of (4) to the KE(z) profiles as seen in panel c). As mentioned earlier the largest characteristic depth is δ = 1.25 ± 0.04 cm and this value -more than three times larger than the 'baseline' -is observed at Ω/f = 1. The error bars here represent the root mean square error of the fits.
The oscillations of the plate unavoidably generate surface waves (i.e., seiche or Kelvin wave modes in the tank) whose contribution to the velocity field certainly perturbs the signal. Such perturbations affect (barotropically) the (1) and (2) are shown with black curves in panels a,b, and c.
flow over the entire water column, whereas the Ekman layer-related effects are confined to the uppermost region of the water column, as discussed above, even at resonance. Therefore it is useful to decompose the velocity field to z-dependent (hereafter referred to as baroclinic) and homogeneous (barotropic) components at each time instant t and analyze their temporal development separately. A natural choice for such a decomposition is defining the baroclinic components u (z, t) and w (z, t) to be the deviation from the respective vertical averages as u(z, t) = u (t) + u (z, t) and w(z, t) = w (t) + w (z, t). Thus we introduce barotropic kinetic energy KE 0 defined as KE 0 (t) = ( u 2 + w 2 )/2 and the vertically averaged baroclinic kinetic energy KE (t) = u 2 + w 2 /2. This decomposition will be of importance in the analysis of the 'ramp' experiments to be discussed below. Fig.  3d shows the frequency-dependence of the barotropic and baroclinic contributions KE 0 /(0.5U 2 0 ) and KE /(0.5U 2 0 ) (blue and red curves, respectively). The values were calculated in the same manner as for panels a) and b), i.e. by calculating the respective global means. The resonance is apparent in the baroclinic component which exhibits a sharp peak at Ω/f = 1 that is ∼ 27-times larger than the 'baseline' values corresponding to the lowest and highest forcing frequencies. In the barotropic component, a significant drop in KE appears at the resonant frequency, implying that here (and only here) the z-dependent structure stores more kinetic energy than the mean flow.
The dependence of kinetic energy at resonance as a function of velocity amplitude U 0 was also investigated in a series of experiments. The results are presented in the log-log scale plot of Fig. 4 , where the time-averaged total (dimensional) 'kinetic energy' KE and the contributions of horizontal and vertical velocities ( u 2 and w 2 , respectively) are shown as a function of U 0 at Ω/f = 1. In concert with Fig. 3a it is apparent that -at this forcing frequency -the horizontal flow stores most of the total energy and the energy is increasing with the lid velocity amplitude, consistently with the expected quadratic scaling. The grey guide line represents the function y = 0.01x 2 . Note, that for the vertical component w 2 no such a trend could be established.
Besides the individual experiments with one prescribed frequency Ω we have also conducted 'ramp' experiments in which the forcing frequency Ω(t) was increased or decreased linearly and slowly with time. The findings of such an experiment are summarized in Fig. 5 , obtained from a 'downward ramp' run characterized by an excitation frequency slowdown rate of dΩ/dt = −1.073 × 10 −4 rad/s 2 . The obtained time series of 'kinetic energy' are expressed here as a function of Ω(t)/f . Fig. 5a shows the smoothed series of KE(z, t)/(0.5U 2 0 ) for the same four selected vertical levels as in Fig. 3b and also the smoothed depth-averaged KE (t)/(0.5U 2 0 ) (dashed curve). Similarly to the individual experiments, a marked amplification is observed at the uppermost two levels (red and orange curves). Separating the (smoothed) depth-integrated baroclinic component KE /(0.5U It is also apparent from Fig. 5 that the location of the resonance peak on the abscissa is significantly smaller than unity, exhibiting a maximum at Ω/f = 0.967 (the peak's full width at half maximum is 0.07). This is a so-called 'delay effect' that has been reported in the literature of nonlinear systems subject to a linearly changing forcing in time [33] . This observation is further strengthened by contrasting the baroclinic parts KE /(0.5U ) from the 'upward ramp' run is marked by the green curve of panel b. This peak is approximately 0.6 times smaller than in the downward case, possibly due to nontrivial barotropicbaroclinic energy conversion that is beyond the scope of the present study. The resonance in this case appears at Ω/f = 1.053, thus the average of the upward and downward frequencies corresponding to maximum amplification is at Ω/f ≈ 1.01, i.e. within one percent of the theoretical value. (Unfortunately, due to technical problems during data acquisition there are certain gaps in the upward ramp time series, as visible.)
The reason of the delay effect lies in the fact that the time interval in which the ramp 'crosses' the relevant frequency range of the resonance curve observed in the individual experiments (cf. Fig. 3 ) is comparable to the characteristic timescale of the flow buildup (cf. Fig. 2 ). Such steep passages through resonance are far from being adiabatic; the delay certainly depends on the change rate of the frequency ramp. The velocity diffusion timescale through the vertical domain at the vicinity of the water surface is set by the empirical Ekman layer depth δ as Here the baroclinic component acquired from an 'upward ramp' experiment is also shown.
2 /ν, where the molecular value of viscosity ν may be used in a laboratory-scale setting. Meanwhile, the Ekman timescale, measuring the time needed to reach stationary flow in a water tank of depth D after initiating a constant surface shear, scales as t Ekman = 2D/(f δ). Substituting the resonant value of δ = 1.25 cm yields an orderof-magnitude estimate of ∼ 100 s for both timescales, that is enough for the ramp to cross a frequency range of ∆Ω ≈ 0.02f .
Discussions and outlook. -
The above results clearly demonstrate that a significant resonant thickening of the surface boundary layer associated with an increasing kinetic energy in the flow can be observed in an experimental setting where temporally oscillating and spatially correlated shear -'wind stress' -is applied at the water surface in a rotating system. In agreement with the theoretical expectations [23, 24, 27] and sparse field data [23] the resonance occurs at the Coriolis frequency f . When contrasting the experimental data with solutions of the analytic approximation of the oscillating Ekman layer one finds that the weakly turbulent nature of the observed flow manifests itself mostly in the presence of non-negligible vertical velocity components. Yet, the overall character of the resonance (its frequency, the velocity profiles, the amplitude dependence) remains in fairly good agreement with the approximation.
The following question naturally arises: how does the resonance change if vertical (salinity) stratification is present in the system. To briefly address this issue we have conducted a series of 'upward ramp' (increasing forcing frequency) experiments with a stable linear salinity profile prepared in the tank, yielding a buoyancy frequency
0 |∂ρ/∂z| = 0.6 rad/s, i.e. N/f ≈ 1.43. In such a setting one would expect the excitation of inertia-gravity waves (IGWs) in the frequency range of f < ω < N [34] . The resulting smoothed time series of average baroclinic kinetic energy KE /(0.5U 2 0 ) are shown in Fig. 6 plotted as a function of Ω(t)/f (the forcing frequency rate change being dΩ/dt = 1.43 × 10 −4 rad/s 2 ). The two curves represent two experiments with different velocity amplitudes: U 0 = 5 cm/s (black) and U 0 = 10 cm/s (red). Note that the delay effect is also present in these cases. A clear difference from the homogeneous experiments is, however, the development of a plateau following the resonancemore pronounced in the U 0 = 10 cm/s case but also detectable for U 0 = 5 cm/s -that ends at Ω = N (vertical line), indicating IGW activity. The main conclusion here is that even in the presence of strong vertical stratification the resonance does appear in the system and exhibits approximately the same magnitude as in the previous cases (in terms of KE /(0.5U 2 0 )). It is to be noted that in the weakly stratified deep ocean it is indeed a typical situation that N and f are of the same order of magnitude and closer to the surface -in the thermocline zone -even as large values as N ∼ 0.1 rad/s are not uncommon, thus the investigated situation of f < N can be considered realistic in the qualitative sense. * * * We thank the two anonymous reviewers for their constructive criticism. This work was completed in the framework of the EuHIT programme and was supported by the Hungarian National Research, Development and Innovation Office (NKFIH) under grant FK125024. M.V. is grateful for the fruitful discussions with Tamás Tél and the continuous support by Anna Kohári and Benedek Vincze during the measurement campaign in Grenoble.
